Detailed characterization of chromosomal abnormalities, a common cause for congenital abnormalities and pregnancy loss, is critical for elucidating genes for human fetal development. Here, 2,186 product-of-conception samples were tested for copy-number variations (CNVs) at two clinical diagnostic centers using whole-genome sequencing and high-resolution chromosomal microarray analysis. We developed a new gene discovery approach to predict potential developmental genes and identified 275 candidate genes from CNVs detected from both datasets. Based on Mouse Genome Informatics (MGI) and Zebrafish model organism database (ZFIN), 75% of identified genes could lead to developmental defects when mutated. Genes involved in embryonic development, gene transcription, and regulation of biological processes were significantly enriched. Especially, transcription factors and gene families sharing specific protein domains predominated, which included known developmental genes such as HOX, NKX homeodomain genes, and helix-loop-helix containing HAND2, NEUROG2, and NEUROD1 as well as potential novel developmental genes. We observed that developmental genes were denser in certain chromosomal regions, enabling identification of 31 potential genomic loci with clustered genes associated with development.
INTRODUCTION
Chromosomal abnormalities contribute significantly to various congenital anomalies and pregnancy loss in humans. Prior studies showed that about half of the spontaneous pregnancy losses had chromosomal abnormalities (Goddijn & Leschot, 2000) , and approximately 5%-17% of congenital anomalies were linked to genomic aberrations (Brady et al., 2014; Lu et al., 2008; Sagoo et al., 2009; Wellesley et al., 2012) . Among all chromosomal abnormalities associated with pregnancy losses, chromosomal aneuploidies that involve the copy-number change of an entire chromosome, for example, trisomy 21, trisomy 13, trisomy 18, and monosomy X, are the most frequently detected and their occurrence increases substantially with maternal age (Eiben et al., 1990; Wellesley et al., 2012) . Chromosomal structural abnormalities that occur due to a change in the structure or the parts of a chromosome, for example, deletions and duplications, are less common than chromosomal aneuploidy, but their detection rate has been greatly improved with the application of microarray-based cytogenetic techniques (Breman et al., 2012; Wapner et al., 2012) . While critical disease genes have been successfully identified from small overlapped deletions or duplications detected in patients with similar clinical phenotypes (Weischenfeldt, Symmons, Spitz, & Korbel, 2013) , it is a greater challenge to elucidate such genes associated with pregnancy loss or severe congenital malformations that display multiple phenotypes, since the structural abnormalities are often larger, affecting a greater number of genes. In this study, we performed whole-genome sequencing (WGS) and chromosomal microarray analysis (CMA) on clinical samples from spontaneous pregnancy losses and terminations of pregnancies for fetal anomaly (TOPFA) to detect copy-number variations (CNVs).
Considering that the majority of our cases of pregnancy losses occurred during the first trimester, we rationalized that genes affected by these CNVs might be critical for early embryonic development.
Because the detected CNVs are often very large and methodologies for identifying essential genes from those large CNVs are still limited, we developed a gene discovery approach that integrated several important characteristics of essential genes and identified 275 potential developmental genes located in the CNVs detected in pregnancy tissues. Further functional annotation revealed that a significant number of genes identified using our approach were functionally important for organ development or general survival, and potentially novel developmental genes were also identified. Moreover, we observed that some of these essential genes were physically clustered on the genome, forming critical regions associated with human early development.
MATERIALS AND METHODS

Subjects
China
DNA samples of 1,810 pregnancy tissues from spontaneous pregnancy loss or TOPFA were received by Jiahui Hospital in China. A total of 817 (45%) cases had CNVs and were included in the current study.
776 cases were from natural conceptions and 41 cases were from assisted conception. Informed consents were received from all participating couples. The mean maternal age of subjects of the 817 cases is 31.05 years (SD = ±5.08). All pregnancy losses occurred before the 28 th week of gestation with a mean gestational period of 10.48 week (SD = ±3.58). 811 cases had prior pregnancy records. 26.51%
(215/811) of the cases were the first pregnancy loss, whereas 35.64%
(289/811) and 37.85% (307/811) were from the second and third or more pregnancy losses,respectively.
USA
376 pregnancy loss cases were referred to Baylor Miraca Genetics Laboratory for CMA. 112 (30%) cases were diagnosed with chromosomal abnormalities. The mean maternal age is 33.86 years (SD = ±5.74), and the mean gestational week at the time of the pregnancy loss is 9.4 weeks (SD = ±3.44). calling of CNVs were performed as previously described (Liang et al., 2014; Liu et al., 2015; Wang et al., 2014) . Briefly, about three million sequencing reads of each sample were mapped to the reference genome using the Burrows-Wheeler Aligner (BWA) and allocated to 20 kb sequencing bins with a 5-kb sliding to achieve a higher resolution in identifying CNVs. CNV profiles of each chromosome was represented as log 2 of mean sequencing reads of each sequencing bin along the chromosome.
WGS of products of conception
Chromosomal microarray-based analysis of pregnancy tissues
DNA was extracted from products of conception using a modified Qiagen method (Breman et al., 2012) . After digestion and labeling, DNA was subjected to oligonucleotide-based CMA (CMA Version 7.6 OLIGO), which contains probes covering the whole genome with an average resolution of 30 kb. CNV calling was performed using an inhouse analysis package (Cheung et al., 2005; El-Hattab et al., 2009) . 
Prediction of developmental genes from CNVs
The gene discovery approach integrated genomic location, evolution 
org). OMIM (Online Mendelian
Inheritance in Man) genes were downloaded from OMIM website (www.omim.org). Plots were generated using R core functions, ggplot2 F I G U R E 1 Chromosomal abnormalities detected in products of conception using whole-genome sequencing and chromosomal microarray-based analysis (Wichham, 2009) , ggbio (Yin, Cook, & Lawrence, 2012) , and Cytoscape (Shannon et al., 2003) .
RESULTS
CNVs detected by WGS and CMA
Of the 2,186 samples of product of conception due to spontaneous By contrast, no such cases were found on chromosome 1 ( Fig. 2A) .
Moreover, 36 cases contained chromosomal aneuploidy on two chromosomes, among which trisomy 16-trisomy 21 was observed in three cases and trisomy 13-trisomy 18, trisomy 13-trisomy 22, trisomy 15-trisomy 16, trisomy 16-45, XO was found in two cases, respec-
A total of 130 deletions or duplications were detected from the WGS dataset and 24 from the CMA dataset (Supp. Table S1 ). These CNVs are mostly de novo and heterozygous. Deletions and duplications occurred most frequently at chromosomes 22 and 18, followed by chromosomes X and 8 (Fig. 3A) . and duplications detected in products of conception were much larger than those detected in healthy humans, which were mostly less than 1 Mb (Sudmant et al., 2015) (P ≤ 2.523E-9) (Fig. 3B ).
Since there are 811 cases with prior pregnancy information, we also studied whether there was any correlation between number of prior miscarriages and chromosomal abnormalities. We found that the The boxplot shows the median, 1 st and 3 rd quartile ( * P ≤ 2.523E-9)
The outline of gene discovery analytic framework incidence of sex chromosome aneuploidy decreased, whereas that of polyploidy increased with the number of prior miscarriage (Supp. Fig.   S1A ). In addition, we found that the frequency of deletions and duplications was not correlated with number of miscarriages. Though larger deletions were detected in mothers with multiple miscarriages, the difference was not statistically significant (Supp. Fig. S1B ).
Identification of developmental genes from CNV regions detected in products of conception
To deduce critical genes and genomic loci for early embryonic development from CNVs detected in products of conception, we developed an integrative gene discovery approach based on the genomic location, evolutionary conservation, human fetal or placental expression profile, RVIS, and HI scores of genes (Fig. 4) . RVIS and HI are two gene-level scoring systems commonly used to assess the susceptibility of genes to genetic variations (Huang, Lee, Marcotte, & Hurles, 2010; Petrovski, Wang, Heinzen, Allen, & Goldstein, 2013) . RVIS score shows the evolutionary constraints on individual genes, as represented by the deviation of the observed functional variants from the expected number of common variants predicted based on total amount of variants on a gene, whereas HI score integrates genomic, functional, and network properties to predict the possibility of a given gene affected by a deletion being HI in terms of biological functions. Both methods have been used to prioritize potential disease-causing genes and variants (Sanders et al., 2015; Stittrich et al., 2014) . Among 154 deletions and duplications identified using both WGS and CMA, 36.2% (47/130) of the deletions or duplications detected by WGS overlapped with those detected by CMA, which contained a total of 10,572 genes. We first applied the gene discovery analytical framework to this set of genes and deduced those that were critical for human early development.
When comparing to the 1000 Genomes (1000G) datasets, any gene with at least 1 bp overlap with CNVs detected in 1000G was regarded as controls. A total of 4,463 genes were thus identified as control genes, whereas the remaining 6,109 genes (57.8%) were not included in the deletions or duplications identified in the 1000G subjects and were thus treated as potential candidate genes associated with preg- we found that 22% more genes located outside of 1000G CNVs had a higher phyloP conservation score (P < 2.2E-16) (Fig. 5 ). An earlier study identified 2,741 genes essential for the proliferation and survival of cell lines using the CRISPR/Cas9 system . Considering the average phyloP conservation score of these identified essential genes is 0.36, we applied a similar threshold of 0.4 for the phyloP score in our approach. 2,028 genes met this criterion, of which 1,635 (80.6%) genes were not present in the CNVs from the 1000G.
We further examined the expression profiles of 1,635 genes using the GNF gene expression Atlas 2 (Su et al., 2004) , we used 30% as the threshold of both HI and RVIS score percentiles for our approach, which eventually led to the identification of 244 genes that are putatively critical for human early embryonic development (Supp. Table S2 ). We used the same approach for gene mapping within the CNVs detected in the CMA dataset and identified 97 potential developmental genes. 66 (68%) genes are also within the CNV regions detected by WGS, which leaves 31 unique important developmental genes identified from the CMA dataset (Supp . Table S3 ). Therefore, a total of 275 potential developmental genes were identified from both datasets. predicted developmental genes (P < 0.05). In particular, genes involved in neuronal development and differentiation were overrepresented (Fig. 6A) . 31.6% (87/275) of the predicted gene products had DNA-binding property, among which transcription factors, including both activators and repressors, were significantly enriched (P < 1.6E-6) (Fig. 6B ). In addition, we found that 61.8%
Transcription factors and gene families sharing specific protein domains were significantly enriched
(170/275) of the predicted developmental genes shared the same protein domains with at least one additional gene and thus might belong to same gene families. Ten groups containing at least four predicted developmental genes sharing the same functional domains were identified, including genes encoding proteins with the homeodomain, protein kinase domain, and basic helix-loophelix (HLH) domains ( Fig. 6C ; Supp. Fig. S2 ). Some of these genes are known as developmental genes. For example, HOX homeodomain genes form a large conserved gene family that controls the anteriorposterior polarity of embryos (Lawrence, & Morata, 1994; McGinnis, & Krumlauf, 1992) . NKX-class homeodomain proteins, such as NKX2.1
and NKX6.1, and basic HLH proteins, NEUROD1 and NEUROG2, play an essential role not only in brain development but also in the
The map of genomic loci with clustered developmental genes. 712 predicted developmental genes (blue) were plotted along the chromosomes and the genomic regions containing at least four predicted developmental gene are highlighted in red organogenesis of lung, pancreas, thyroid, and retina (Akagi et al., 2004; Fode et al., 1998; Kimura et al., 1996; Miyata, Maeda, & Lee, 1999; Sander et al., 2000a; Sander et al., 2000b) . HAND2 and SOX4 knockout mouse embryos died from heart malformations (Schilham et al., 1996; Srivastava et al., 1997) , whereas the leucine-rich repeats containing SLITRK genes regulate the nervous system development and have high expression in human fetal brain (Proenca, Gao, Shmelkov, Rafii, & Lee, 2011) .
93.1% (256/275) identified genes are OMIM genes (Supp . Table   S4 ). However, we found that 69 genes whose functions during development have not been well characterized and thus could be potential novel developmental genes (Supp . Table S5 ). For instance, ULK3
is a ULK family of serine/threonine kinase. Prior studies showed that ULK3 was involved in regulating the activity of Sonic hedgehog signaling pathways (Maloverjan et al., 2010) , but its function during development has not been well characterized. We identified ULK3 as a potential developmental gene using our integrative gene discovery approach, which is further supported by a recent study showing that ULK3 is a critical factor of abscission checkpoint pathway, ensuring the proper segregation of chromosomes into two daughter cells during cell cycle and preventing the formation of aneuploidy cells (Caballe et al., 2015) . ZNF711 is another potential development gene identified by our analysis, which belongs to the zinc finger gene family. Although its function during development requires further characterization, ZNF711 has been identified as a disease gene for X-linked mental retardation 97 (Tarpey et al., 2009), suggesting its potential function during development.
These results demonstrate that our approach provides one effective way to predict genes important for human early development. These identified genes are indeed involved in essential processes during embryonic development, among which transcription factors as well as genes families with specific functional domains are predominated.
Identification of genomic loci important for development
We noticed that some of the identified developmental genes were clustered in the genome. These clusters may contain genes of the same gene family, such as the HOX gene cluster, or genes with different functions and properties. To investigate such clusters of developmental genes in the human genome, we used the same analytic framework to search for potential developmental genes in the whole genome and identified 712 candidate genes, including 244 and 97 potential developmental genes identified from WGS and CMA datasets. Indeed, we found that these genes were clustered at certain genomic regions (Fig. 7) . We therefore scanned the entire genome using a slidingwindow analysis (1 Mb window) and identified 31 genomic loci that contained at least four predicted developmental genes each ( Fig. 7; Supp. Table S6 ). Our findings showed that in addition to gene clusters of the same gene families, human genome also contained functionally clustered genes that defined genomic loci essential for human early development.
DISCUSSION
Numerical and structural chromosomal abnormalities are major causes of pregnancy loss and congenital genetic disorders (Breman et al., 2012; Menasha, Levy, Hirschhorn, & Kardon, 2005). The early and precise diagnosis of such anomalies during pregnancy has been the main goal of prenatal diagnostic attempts. With an increasingly lower cost, copy-number analyses based on next-generation sequencing has rapidly become an alternative technique for karyotyping and arraybased molecular cytogenetic techniques (Shashi et al., 2014; Talkowski et al., 2012) . In this study, we applied WGS to detect chromosomal abnormalities associated with pregnancy loss and TOPFA. We showed that low-coverage sequencing was able to identify chromosomal CNVs of different extents, ranging from entire chromosome aneuploidy to unbalanced structural rearrangements as small as 0.12 Mb. The prevalence of major chromosomal abnormalities in this study was comparable to those analyzed using conventional techniques (Menasha et al., 2005) and 36% of the deletions and duplications detected by WGS overlapped with those identified from a smaller independent dataset using high-resolution CMA.
Identifying genes within CNV regions associated with pregnancy loss and congenital abnormalities is challenging because CNVs can be very large and usually have extensive gene content. The bioinformatic tools for identifying causal variants based on single-nucleotide variations (SNVs) have been well established (Pabinger et al., 2014) , which allows successful identification of genes associated with a lethal fetal phenotype or congenital malformations based on predicted deleterious variants (Marshall et al., 2015; Putoux et al., 2011; Shamseldin et al., 2015) . These studies are often performed on consanguineous families or subjects with well-defined clinical indications. Therefore, applying the same analytic strategy on pregnancy loss or TOPFA cases that often present with phenotypes resulting from a deficiency of different combinations of genes in an outbred population is challenging.
An earlier study combined CNV and truncating SNV data to identify genes associated with developmental delay (Coe et al., 2014) Although the gain-or loss-of-function alleles of a single HOX gene could produce a phenotype, there were also cases when mutations in two HOX genes might lead to more severe embryonic defects, indicating an interaction between different members in the same gene family (Condie & Capecchi, 1994; Davenne et al., 1999) . In addition to
HOX genes, we found that developmental genes were also clustered in the genome regardless of gene family, which led to the identification of 31 genomic loci containing at least four predicted developmental genes each. Our finding is consistent with a recent study showing the clustering of functionally related genes in the genome (Andrews et al., 2015) . Since CNVs detected in products of conception could affect multiple clusters of developmental genes, which eventually led to the pregnancy loss or severe congenital malformations, we fur- In this study, we developed a gene discovery approach that could be used to effectively identify developmental genes affected by CNVs associated with pregnancy loss or congenital abnormality phenotypes.
Based on CNVs detected in our cases, we identified 275 potential developmental genes that were enriched with genes involved in embryonic development, especially neuronal development and differentiation. The majority of these genes could cause developmental defects in animal models carrying the mutant alleles, and deficiency of 40% of them resulted in prenatal lethality in model organisms. Potential novel developmental genes were also identified, some of which have been shown to play a role during development based on in vitro experiments, but their function in vivo requires further characterization. Furthermore, we identified 31 genomic loci in the genome with clustered developmental genes, which could be used to assess the severity of CNVs or prioritize causal SNVs for later studies.
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